It has been shown that diffuse luminance flicker increases optic nerve head blood flow. The current study has been performed to quantify changes in retinal blood flow during flicker stimulation. In a group of 11 healthy volunteers, red blood cell velocity and retinal vessel diameters were assessed with bi-directional laser Doppler velocimetry and the Zeiss retinal vessel analyzer before, during and after stimulation with diffuse luminance flicker. Retinal blood flow was calculated for each condition. Flicker stimulation increased retinal blood flow by +59 ± 20% (p < 0:01) in arteries and by +53 ± 25% (p < 0:01) in retinal veins. These results demonstrate that diffuse luminance flicker increases retinal blood flow in the human retina.
Introduction
The idea that functional activity, metabolism and blood flow are closely interconnected has persisted since first formulated for the brain more than 100 years ago (Roy & Sherington, 1890) . The existence of such a coupling has been established for the brain, where the vasomotor response to local activity occurs within a few seconds and allows for rapid blood flow changes in correspondence to local activity (Ito, Takahashi, Hatazawa, Kim, & Kanno, 2001) .
Indicated by several animal and human experiments, there is growing evidence now that, like in the brain, optic nerve head blood flow is also strongly coupled to neural activity. Using laser Doppler flowmetry, studies in the optic nerve head exhibit an increase in capillary blood flow in response to diffuse luminance flicker (Buerk, Riva, & Cranstoun, 1995 , 1996 Garhofer, Huemer, Zawinka, Schmetterer, & Dorner, 2002) . This increase has been mainly attributed to augmented nerve cell activity (Falsini, Riva, & Logean, 2002 , Riva, Falsini, Geiser, & Petrig, 1999 , Riva, Falsini, & Logean, 2001 , indicating that a coupling mechanism exists between neural activity and blood flow.
Unfortunately, in the retinal circulation, direct evidence for blood flow changes due to flicker stimulation is difficult to obtain. Previously methods as diverse as fundus photography (Formaz, Riva, & Geiser, 1997) , computer based determination of retinal vessel diameters (Polak, Schmetterer, & Riva, 2002) , Doppler sonography (Michelson, Patzelt, & Harazny, 2002) , angiography (Kiryu, Asrani, Shahidi, Mori, & Zeimer, 1995) , scanning laser Doppler flowmetry (Michelson et al., 2002) and blue field stimulation technique (Scheiner, Riva, Kazahaya, & Petrig, 1994) have been used to examine the blood flow response to flickering light. However, all of these methods have considerable limitations and can provide only indirect evidence, indicating but not proving an increase in retinal blood flow caused by flickering light.
The current study seeks to quantify the relationship between flicker and blood flow changes in the retina.
Thus, we set out to develop a new method for determination of blood flow in major retinal arteries and veins during light stimulation. For this purpose, a bidirectional laser Doppler velocimeter and a commercially available system for real time determination of retinal vessel diameter have been modified in order to allow for measurements during flicker stimulation. Retinal blood flow was therefore calculated using red blood cell velocity obtained with bi-directional laser Doppler velocimetry and retinal vessel diameters assessed with the Zeiss retinal vessel analyzer.
Methods

Subjects
The study protocol was approved by the Ethics Committee of Vienna University School of Medicine and followed the guidelines of Good Clinical Practice (GCP) and the Declaration of Helsinki. 11 healthy (2 males and 9 females, mean age 30 ± 4 years) nonsmoking subjects were included. Volunteers signed a written informed consent and passed a screening examination that included medical history and an ophthalmic examination prior to the study day. Inclusion criteria were normal ophthalmic findings, ametropia of less than 3 diopters, and anisometropia of less than 1 diopter. In all subjects the right eye was studied.
Zeiss retinal vessel analyzer (RVA)
Retinal vessel diameters were evaluated with the RVA. The RVA is a commercially available system which comprises a fundus camera (Zeiss FF 450, Jena, Germany), a video camera, a high resolution video recorder, a real time monitor and a personal computer with a vessel diameter analyzing software. The RVA allows the precise determination of retinal vessel diameter with a time resolution of 25 readings/s. The fundus was illuminated with light in the range of wavelengths between 567 and 587 nm. In this spectral range, the contrast between retinal vessels and the surrounding tissue is optimal. Retinal irradiance was approximately 220 lW cm À2 (%1200 lux), which is approximately 50 times lower than the maximum level allowed for constant illumination of the retina at the wavelengths mentioned above. The system provides excellent reproducibility and sensitivity (Polak et al., 2000) . The coefficient of variation of the diameter change evoked by flicker stimulation has been shown to be less then 25% in a previous study.
In the present study, major temporal arteries and veins were studied. Measurements of retinal vessel diameters were taken between 1 and 2 disc diameters temporal from the margin of the optic disc. Red blood cell velocity was measured after RVA measurements at the same locations using bi-directional laser Doppler velocimetry. To avoid carry over effects a break of 5 min was scheduled between the two measurements.
Laser doppler velocimetry (LDV)
The principle of red blood cell velocity measurement by LDV is based on the optical Doppler effect. Laser light, which is scattered by moving erythrocytes, is shifted in frequency. This frequency shift is proportional to the blood flow velocity in the retinal vessel. The maximum Doppler shift corresponds to the centerline erythrocyte velocity (V max ) (Riva, Grunwald, Sinclair, & Petrig, 1985) . In the present study, we used a fundus camera-based system with a single mode laser diode at a center wavelength of 670 nm (Oculix Sarl; Arbaz, Switzerland). The Doppler shift power spectra were recorded simultaneously for two directions of the scattered light. The scattered light was detected in the image plane of the fundus camera. This scattering plane can be rotated and adjusted in alignment with the direction of V max , which enables absolute velocity measurements.
LDV provides a reliable and reproducible technique for retinal blood velocity measurement (Riva et al., 1985) . In the present study, V max was determined for a major temporal artery and a major temporal vein before, during and after stimulation with diffuse luminance flicker. All measurement locations were within one to two disk diameters from the center of the optic disk.
Calculation of retinal blood flow
Retinal blood flow in single arteries and veins was calculated based on the measurements of maximum erythrocyte velocity (V max ) assessed with laser Doppler velocimetry and retinal vessel diameter (D) obtained with the RVA. From V max , mean blood velocity in retinal vessels (V mean ) may be calculated as V mean ¼ V max =1:6. This relation has been found by experiments for blood flowing in glass tubes with a diameter in the range of those measured in our study (Damon & Duling, 1979; Riva et al., 1985) . With the use of this relation, mean velocities in retinal arteries and retinal veins can be obtained. Blood flow (Q) through a specific retinal vessel was then calculated as
Flicker stimuli
For flicker stimulation a custom built device was used, stimulating with light flashes at a frequency of 8 Hz. Flicker was generated by focusing the light of a 150 W halogen light source on a rotating sector disc producing a square wave light pattern with a modulation depth of 100%. Using an optical fiber, flicker stimuli were delivered to the eye through the illumination pathways of the fundus camera of the RVA and the laser Doppler velocimeter, respectively. The flicker was centered in the macula with an angle of approximately 30 degrees producing a retinal irradiance of 300 lW cm À2 (%260 lux). To spectrally separate the flicker light from that used to illuminate the fundus, a wavelength-separation technique was used. For flicker stimulation white light in combination with a 550 nm low pass cut-off-filter is used. This ensures that light with wavelengths below 550 nm is used for flicker stimulation. To separate flicker light from the light illuminating the fundus, an interference filter with a center wavelength of 577 nm and a bandwidth of 10 nm (Laser Components, Olchingen, Germany) is placed in front of the light source of the fundus camera. This window was chosen, because in this spectral range, the contrast between blood vessels and the surrounding tissue is optimal. A second interference filter, which exactly matches the one in the illumination pathway is placed in front of the video camera. This ensures that the light used for flicker stimulation does not reach the CCD chip of the video camera, but is perceived by the subject under study. The background light of the laser Doppler flowmeter and the illumination of the retinal vessel analyzer were comparable in spectral composition and intensity.
In each subject, flicker stimulation followed the same schedule: First, 60 s of baseline measurements were made. This was followed by 60 s of measurement with flicker light stimulation and again 60 s without flicker.
Blood pressure measurement
Systolic, diastolic and mean brachial blood pressures were measured by an automated oscillometric device (HP-CMS patient monitor, Hewlett Packard, Palo Alto, Calif., USA). Pulse rate was automatically recorded from a finger pulse-oxymetric device. Measurements were performed before, during and after flicker stimulation.
Experimental paradigm
All measurements were done in the right eye according to the following time schedule: After a short resting period to obtain stable haemodynamic conditions, blood flow measurements in retinal veins were conducted. First, diameter measurements with the RVA were performed. Thereafter, red blood cell velocity was assessed using laser Doppler velocimetry. During these measurements flicker stimulation was applied as described above. After a resting period of at least 5 min, the same procedures were carried out for retinal arteries.
Statistics
Changes in the ocular haemodynamic parameters were expressed as percent change over baseline values. Baseline values were calculated as an average of the last 40 s of the first measurement period without flicker stimulation. Red blood cell velocity and retinal vessel diameter during flicker stimulation were calculated as an average of the last 40 s of light stimulation. Red blood cell velocity and retinal vessel diameter during recovery were calculated as an average of the last 40 s of the recovery period. Two-tailed paired t-tests were used to calculate the p-values of flicker-induced haemodynamic changes. To ensure that the overall chance of making a type I error is still less than 0.05, Bonferroni correction for multiple testing was applied. A p < 0:05 was considered as the level of significance. Calculations were performed using the Statistica â software package (Statsoft, USA). Data are presented as means ± SD.
Results
Because of inadequate fixation stability, 3 measurements of retinal arteries and 2 measurements of veins had to be excluded from the analysis. The remaining data of 8 arteries and 9 veins have been used for data analysis. Typical measurements of bi-directional laser Doppler velocimetry and retinal vessel diameters are presented in Figs. 1-3 . Baseline data of retinal blood flow parameters, mean arterial pressure and pulse rate are given in Table 1 .
Retinal arterial diameters increased by +3.8 ± 1.6% (p < 0:001, n ¼ 8), diameter of retinal veins by +2.8 ± 1.2% (p < 0:001, n ¼ 9) during flicker stimulation. Red blood cell velocity increased by +48 ± 22% (p < 0:01, n ¼ 8) in retinal arteries and by +44 ± 25% in retinal veins (p < 0:01, n ¼ 9). Thus, diffuse luminance flicker increased calculated retinal blood flow in major temporal arteries by +59 ± 20% (p < 0:01, n ¼ 8). In retinal veins, blood flow increased by +53 ± 25% (p < 0:01, n ¼ 9) during flicker stimulation. After cessation of flicker light stimulation, retinal arterial vessel diameter tended to decrease under baseline values ()1.0 ± 1%, p < 0:3, n ¼ 8), whereas retinal veins returned to baseline levels (p ¼ 0:8, n ¼ 9). However, red blood cell velocity still tended to be increased after cessation of the flicker stimulus, but this increase failed to reach level of significance (+14 ± 33%, p < 0:3, n ¼ 8 in retinal arteries, +10 ± 22%, p < 0:3, n ¼ 9 in retinal veins). Thus, calculated retinal blood flow also tended to be increased after cessation of flicker stimulation, but again this effect did not reach level of significance (+11 ± 34% in retinal arteries, p ¼ 0:2, n ¼ 8; +11 ± 23% in retinal veins, p ¼ 0:2, n ¼ 9).
Discussion
The current study shows that retinal blood flow increases during visual stimulation with flicker light. These findings strengthen the hypothesis that the human retina has the ability to adapt its blood flow to differences in metabolic demands. This extends previous findings in the optic nerve head where an increase in blood flow during flicker stimulation was shown with laser Doppler flowmetry (Falsini et al., 2002; Riva et al., 2001; Riva, Harino, Shonat, & Petrig, 1991) .
In the past, several approaches have been tried to quantify the blood flow changes in the retina during visual stimulation, but unfortunately, all employed techniques have considerable limitations. Using the blue-field entoptic technique, an increase in retinal white blood cell flux after cessation of flicker stimulation has been described in healthy volunteers (Scheiner et al., 1994) . However, flicker light prevents visibility of leukocytes, and therefore retinal macular blood flow cannot be quantified during stimulation. Furthermore, to what extend white blood cell flow represents retinal blood flow, has yet to be clarified (Ben-nun, 1996 , FuchsjagerMayrl et al., 2002 .
In other human studies retinal vasodilatation during flicker stimulation was observed. Using a computer based method to analyze fundus photographs, Formaz et al. (1997) found an increase of about 4.2% in retinal arterial diameters and 2.7% in retinal venous diameters at a flicker stimulation frequency of 10 Hz. In this study fundus images were taken before and immediately after stimulation with diffuse luminance flicker. A study using the same device and a comparable flicker stimulus as employed in the present experiments investigated the time course of retinal vessel diameters using different flicker frequencies. Allowing for retinal vessel diameter determination during flicker stimulation, dilatation of retinal vessels in the order of 3-5% was observed (Polak et al., 2002) . Quantification of retinal blood flow changes during flicker stimulation was however hampered in these previous studies because of the lack of velocity data.
Michelson and coworkers aimed to assess blood flow velocities in response to flicker in the central retinal artery and central retinal vein by pulsed Doppler sonography (Michelson et al., 2002) . This study revealed an increase of the systolic and end-diastolic blood flow velocities in the central retinal artery in the order of 60%. Unfortunately, this technique does not allow for determination of vessel diameter. Thus, this study could not prove an increase in blood flow.
In the same study, juxtapapillary capillary blood flow, as measured with scanning laser Doppler flowmetry, has been shown to increase by 50% during flicker stimulation (Michelson et al., 2002) . However, this technique has several limitations in assessing retinal perfusion (Strenn et al., 1997) . One major limitation of this approach is that the sampling depth with scanning laser Doppler flowmetry is unclear and consequently the obtained signal does not necessarily represent retinal blood flow. Most importantly, deeper choroidal capillaries layers could well contribute to the signal.
In contrast to these previous studies, the present work allows us to calculate blood flow in major retinal arteries and veins. Our findings strongly indicate that retinal blood flow increases in the order of 50%. This is comparable with the results of previous studies using other techniques: In primates, investigators reported an increase of 30% in retinal blood flow assessed with laser targeted angiography in primates (Kiryu et al., 1995) . Scheiner and coworkers reported an increase of 40% in macular white blood cell flux in humans after stimulation with luminance flicker (Scheiner et al., 1994) . However, the interpretation of different flicker experiments is complicated by the fact that different light conditions and flicker stimuli were used for all the experiments. In the current study, fundus illumination and flicker stimulation were spectrally separated, resulting in a mixture of luminance and chromatic flicker. Furthermore, the contrast for the flicker stimulus was low because of the high illumination required for fundus illumination. Surprisingly, our results indicate an increase in blood flow in the order of 50%, whereas diameters in major retinal arteries and veins increase only by 3-5%. According to our data, changes in retinal blood flow evoked by flicker light stimulation can be attributed mainly to increased blood velocity. This makes it reasonable to suggest that much of the retinal response to flicker occurs within the small arterioles, which are the major sites of resistance to flow. However, diameter measurements of these smaller vessel is not possible because of the limited resolution of the instruments currently available.
Considerable differences exist between the increase in retinal and optic nerve head blood flow during flicker stimulation. Several investigators reported increases in optic nerve head blood flow in the order of 100% and more (Riva et al., 2001) . The reason for these differences between the two vascular beds has yet to be clarified. One could hypothesize that flicker responses are strongly dependent on the properties of the surrounding tissue and the substances mediating the flicker evoked increase in blood flow. In the optic nerve head, a variety of mediators such as nitric oxide (Buerk et al., 1996) , potassium (Buerk et al., 1995; Riva et al., 1999) , H þ (Riva et al., 1999) as well as changes in the metabolism (Riva et al., 1999) have been discussed to be involved in neuro-vascular coupling, but a final proof for these mechanisms remains to be given.
In the retina, the mechanism underlying the blood flow increase during flicker stimulation is also unclear. Stimulation of the retina with flickering light, however, has been reported to substantially change retinal metabolism: The glucose consumption of the inner retina in monkeys was increased in response to stimulation with flickering light, thereby affecting retinal blood flow (Bill & Sperber, 1990) . Furthermore, an increase in lactate formation was observed in isolated rabbit retinas during flicker stimulation . In vivo experiments of the same group revealed that in cats up to 80% of the glucose is metabolized by aerobic lactate production (Wang, Kondo, & Bill, 1997) . In rabbits retinal glucose consumption and lactate formation increases by approximately 15-20% during flicker stimulation . However, if this increased 82 ± 9 65 ± 12 120 ± 7 1.08 ± 0.44 7.4 ± 3.5 144 ± 18 0.93 ± 0.48 9.8 ± 5.6 a Denotes blood flow through one specific vessel and not total retinal blood flow. metabolic need is responsible for augmented blood flow in the retina during light stimulation, remains yet to be clarified.
After cessation of flicker light a tendency of retinal arteries to decrease under baseline levels was observed. This is in keeping with the results of a previous study reporting an undershoot of retinal vessel diameters after cessation of flicker stimulation (Polak et al., 2002) . Surprisingly, blood flow still tended to be increased, although retinal vessel diameter tended to fall under baseline levels. However, our blood flow data reflect only the last 40 s of the recovery period. This is caused by the fact that velocity information of the first 20 s after cessation of the flicker stimulus is difficult to obtain, because of insufficient target fixation immediately after cessation of the flicker stimulus. Considering that the undershoot is strongest during the first 20 s, we can not answer the question whether retinal blood flow is increased, decreased or unchanged immediately after cessation of flicker stimulation. Further studies are required to elucidate this issue.
In conclusion, our study shows that blood flow in major retinal arteries and veins considerably increases during flicker light stimulation. Our data are well compatible with the hypothesis that retinal blood flow is strongly coupled to neural activity.
